First-principles study of the nano-scaling effect on the electrochemical behavior in LiNi0.5Mn1.5O4 We have found that the surface energy values in table 1 omitted a factor of 2 (see equation (1)). The correct version of table 1 is presented here. This correction does not alter the subsequent discussions and conclusions, as all structures and facets lacked the factor of 2, and were compared relative to each other. Table 1 . Surface energy for the low index facets, (100), (110), (111), in the uniformly disordered structure, ordered structure, and ordered structure with a local inverse spinel cation ordering near the surface. Whenever a facet exhibits the same elements for different termination layers, we distinguish the slab cells by surface composition. In the uniformly disordered structure, the (110) surface composition Li:Mn:Ni is 1:2:1 and 1:1.5:0.5 in Li/Ni/Mn/O-I and -II, respectively. In the ordered structure, the (110) surface compositions are 1:2:0.25, 1:2.5:0. (111), and find that the most stable facet is dependent on the cation ordering at the surface layer. In this context, we predict a spontaneous surface reconstruction in the cation-ordered structure which leads to a deviation from the perfect surface cation ordering and results in an enhanced accessibility to solid solution behavior as a function of Li content. Our results imply that nano-scaling will be more beneficial for the cation-ordered structure, as compared to the disordered structure where the solid solution region is already intrinsically accessible for a broad range of Li concentrations.
We have found that the surface energy values in table 1 omitted a factor of 2 (see equation (1)). The correct version of table 1 is presented here. This correction does not alter the subsequent discussions and conclusions, as all structures and facets lacked the factor of 2, and were compared relative to each other. Table 1 . Surface energy for the low index facets, (100), (110), (111), in the uniformly disordered structure, ordered structure, and ordered structure with a local inverse spinel cation ordering near the surface. Whenever a facet exhibits the same elements for different termination layers, we distinguish the slab cells by surface composition. In the uniformly disordered structure, the (110) surface composition Li:Mn:Ni is 1:2:1 and 1:1.5:0.5 in Li/Ni/Mn/O-I and -II, respectively. In the ordered structure, the (110) surface compositions are 1:2:0.25, 1:2.5:0.5, and 1:2:1 in Li/Ni/Mn/O-I, -II, and -III, respectively. First-principles study of the nano-scaling effect on the electrochemical behavior in LiNi 0.5 Mn 1.5 O 4
Ordering

Introduction
Rechargeable energy storage through Li-ion battery (LIB) systems presents a promising solution to power the next generation electric vehicles. The electrochemical performance of LIBs is mainly set by the two composite electrodes, and hence it is important to optimize the intrinsic properties of the active materials to meet the demands for future sustainable transportation. The LiNi 0.5 Mn 1.5 O 4 ('LMNO') 'high-voltage' spinel cathode material has attracted attention due to its low materials cost, non-toxicity, and competitive electrochemical performance [1, 2] . In particular, LMNO combines high stability through its Mn content and the spinel structure [3] [4] [5] but exhibits less of the Mn 3+ -related issues compared to the parent compound Mn spinel, LiMn 2 O 4 , as the redox center occurs on the Ni site alone [6] [7] [8] [9] [10] [11] [13] .
Recently, it has become increasingly popular to optimize the performance of Li electrode materials through nanoscaling [14] [15] [16] [17] [18] [19] [20] [21] . Nanometric materials tend to exhibit (1) increased rate capability due to larger surface to volume ratios and shorter Li-ion diffusion paths as the particle size is reduced [14] [15] [16] [17] [18] and (2) increased access to the Li-vacancy solid solution domain due to the changes in the solubility limit at the nano-scale [19] . The spinel material exhibits three-dimensional Li diffusion paths, which should promote very high diffusivity. Yet, the experimental evidence of nano-scaling effect on the LiNi 0.5 Mn 1.5 O 4 remains controversial. For example, Shaju et al synthesized nano-LiNi 0.5 Mn 1.5 O 4 particle by a resorcinol-formaldehyde assisted solution method and reported that the disordered nano-LiNi 0.5 Mn 1.5 O 4 exhibits superior rate capability [16] . Talyosef et al also reported that the use of nano-materials was advantageous for better rate capability in their comparative study of nano-and micro-particles of LiNi 0.5 Mn 1.5 O 4 [17] . Conversely, the highest rate capability on record for the high-voltage LiNi 0.5 Mn 1.5 O 4 spinel was reported by Ma et al using micronsized particles [18] . Another advantage of nano-scaling can be derived from design of phase behavior during cycling. A Li-vacancy solid solution reaction is generally preferred compared to extensive two-phase regions as it reduces the inherent strain in the material under cycling and promotes long life times. The change in the solubility limit and equilibrium compositions by nano-scaling can increase accessibility to the solid solution region and, hence, enhance the kinetic performance of electrode materials [19] . On the other hand, nanometric materials exhibit higher surface areas which increase the first-cycle capacity loss through the formation of solid-electrolyte interface and may continue to degrade the material through detrimental reactions with the electrolyte [20, 21] . In this paper, we perform the first-principles calculations based on the density functional theory to investigate nano-scaling effects in LiNi 0.5 Mn 1.5 O 4 , with a focus on its surface stability, phase behavior and their dependence on the Ni-Mn cation ordering. We calculate and compare the surface energy for the low index facets and observe that the (111) facet is, intrinsically, the most stable in the disordered cation arrangement while the cation-ordered (111) surface region undergoes a significant cation reconstruction towards a local surface inverse spinel ordering without which, the (100) is the most stable surface facet. In our previous study [22] , we have shown that any deviation of cation arrangement from the ideal Ni-Mn ordering improves the accessibility to the solid solution Li-vacancy phase. Our findings suggest that nano-scaling is likely to promote rate performance in the cation-ordered system, as the surface reconstruction results in a surface-layer transition to the solid solution, while the beneficial effect on the disordered high-voltage spinel where the Li-vacancy solid solution is already accessible in large parts of the phase diagram is perceived to be less pronounced.
Computational model and methodology
Depending on the synthesis process, the LMNO can have two overall cation arrangements, the ordered P4 3 32 and the disordered Fd3m. As shown in figure 1(a), the ordered LiNi 0.5 Mn 1.5 O 4 exhibits Li 8a sites, Ni 4b sites, Mn 12d sites, and O 32e sites which result in an ionic configuration corresponding to the P4 3 32 space group. In the disordered LiNi 0.5 Mn 1.5 O 4 , the Ni and Mn are distributed randomly at any of the 4b and 12d sites which result in an ionic configuration corresponding to the Fd3m space group. A randomly disordered Ni/Mn arrangement consists of a large number of different local Ni/Mn arrangements, compared to the (ideal) single Ni/Mn configuration in the ordered P4 3 32 structure. We note that representing a truly random Ni/Mn arrangement in the disordered structure requires an infinite (or very large) supercell. Instead, in this study we use a finite unit cell with uniformly distributed Ni and Mn ions forming a face-centered-cubic (fcc) sublattice as illustrated in figure 1(b) . Previously, we showed [23, 22] that this 'uniformly disordered' configuration is the most representative local Ni/Mn arrangement within a random supercell in the disordered Fd3m LiNi 0.5 Mn 1.5 O 4 system due to its high occurrence as a local cation arrangement in any randomized Ni/Mn distribution as well as the its signature electrochemical profile.
For the ordered and uniformly disordered structures, we calculate the surface energy for the low index facets, (100), (110), and (111). The surface energy γ i for a facet i is defined as
where E i slab and e bulk are the energy of a slab with surface facet i and the energy per atom of the bulk, respectively. N is the number of atoms in the slab and S i is the surface area. The energy of the bulk material is calculated under periodic boundary conditions, assuming a ferrimagnetic state with ↑ and ↓ magnetic moments for Ni and Mn ions, respectively [23] . The supercell for the slab calculation is constructed by placing a slab at the center of the supercell with vacuum space normal to the surface of the slab. The vacuum thickness is set to 20Å, which was found to be sufficient to remove interactions between the periodic slab images. The slab initial unit cell is obtained from the relaxed bulk structure as function of the termination composition. The bulk region within the slab is represented by fixing the atomic positions within the distance of 2.65Å from the center of slab in the direction of surface normal (total width of 5.3Å, corresponding to 5-6 atomic layers). The atoms outside of this center region are allowed to fully relax. The (100), (110), and (111) facets fall within the type III surface category according to Tasker's criterion [24] which require a re-distribution of the ions at the surfaces and can result in significant reconstruction of the surface structure [24, 25] . For that purpose, we symmetrize the charged ions on the surface terminations to remove the dipoles while preserving overall stoichiometry. For each facet, the surface energy is calculated for all possible terminations and compared to identify the lowest surface energy termination. The equilibrium shape of the crystal is obtained by minimizing the total surface energy through the Wulff construction [26] .
The total energy is obtained by first-principles electronic energy calculation based on the density functional theory. The spin-polarized generalized gradient approximation with Perdew-Burke-Ernzerhof parametrization for the exchange-correlation function [27, 28] and the projector augmented-wave (PAW) method [29, 30] are used as implemented in Vienna ab initio simulation package [31] [32] [33] [34] . A high cutoff energy (520 eV) together with an adjusted k-point sampling, depending on the size of supercell, are used. We employ the + U correction term to account for the electron localization around transition metal ions, e.g. 5.96 eV for Ni and 4.5 eV for Mn, respectively [35] . The oxidation state of each ion is determined by integrating the local magnetic moment within the Wigner-Seitz radius for each ion as given by the PAW method potentials.
Result and discussion
The calculated surface energies for the (100), (110), and (111) facets in the uniformly disordered and ordered structures are presented in table 1. For the (110) facets, in both the ordered as well as the uniformly disordered structures, the termination layer contains all the elements Li, Mn, Ni, and O and hence they are classified by the termination layer composition, see table 1. We observe that, for the same facet and comparing the surface energies for different surface compositions (see table 1) the surface energy decreases (stabilizes) with more Li ions and less Mn/Ni ions in the termination layer. This is intuitive as Li has lower coordination than Ni and Mn and thus the number of broken bonds per area will be fewer than that for Ni and Mn. For the uniformly disordered structure (the most highly occurring local ordering in the disordered spinel with random cation arrangements), the (111) facet with Li/Ni/O-termination has the lowest surface energy among the investigated facets, which agrees with several existing experimental observations [1, 3] . For the ordered structure, however, using only the atomic rearrangement required to remove the dipole moment and routine cell relaxations, the (100) facet with the Li/Mn/Ni/O-termination is predicted to be most stable, which contrasts with experimental observations [1, 3] . We speculate that the discrepancy between our computational prediction and existing experimental observations is due to a significant surface reconstruction, as suggested in previous computational studies on the LiMn 2 O 4 by Karim et al [25] and Benedek et al [36] . In these works, the calculated (111) surface energy of LiMn 2 O 4 was found to be higher (more unstable) than that of (100), although experimental observations agree that the (111) facet dominate most spinel equilibrium particle morphologies. However, Karim et al also observed that the surface energy of the (111) facet can be drastically lowered compared to that of (100) facet if a targeted surface cation reconstruction is employed where the Mn ions on the surface are locally swapped with the Li ions in the next available layer leading to a local inverse spinel cation arrangement near the surface. This finding is consistent with previous works for different materials [37, 38] where lower charged cations on the surface with a smaller loss in coordination generally result in a reduction of the surface energy. We applied this targeted reconstruction technique to the (111) facet of the ordered LiNi 0.5 Mn 1.5 O 4 by swapping the Ni and Mn ions on the surface with the Li ions in the next available layer. The result is presented in table 1 (see the data for 'Ordered ') where we note that the (111) facet with local inverse spinel cation ordering, e.g. Li/O-termination, has the lowest surface energy (lower than that of the (100) facet with Li/Mn/Ni/O-termination in the unaltered ordered structure). We also examined the (111) Li/Mn/O-termination where only the Ni ions are swapped with the Li ions in the next available layer. The surface energy of this termination was found to be higher than the complete Mn/Ni surface inverse spinel reconstruction but lower than the original Li/Mn/Ni/O ordered structure, which indicates a continuous trend where the surface energy decreases as a function of Figure 2 . The equilibrium particle shape of (a) the ordered structure with a local inverse spinel surface structure with γ total = 1.36 J and (b) the uniformly disordered structure with γ total = 1.04 J. The (100), (110), and (111) facets are depicted using the colors violet, gray, and turquoise, respectively.
exchanging surface Ni/Mn for bulk Li for the (111) surface. Thus, our findings suggest that the ordered structure will undergo a significant spontaneous surface reconstruction (see table 1 ). We also found that only the (111) facet reduces its surface energy by this local cation inversion. For the (100) and (110) facets, the surface energy actually increases with the swapping, which means that the surface reconstruction decreases the stability of the original (100) and (110) surfaces. We believe this is the result of a trade-off between the surface bonding energy loss and the energy loss due to the less favorable (inverse spinel) cation arrangement as we have previously shown that the ordered Ni/Mn spinel structure corresponds to the lowest energy cation arrangement [23, 22] . Even for the (111) facet, the reduction of the surface energy by the cation inversion reconstruction is not as drastic as that for the Mn spinel, LiMn 2 O 4 , which exhibits a change in the surface energy from 1.39 to 0.65 J m −2 . Comparing the two related cases, we ascribe this difference to the strong cation ordering in the fully lithiated LiNi 0.5 Mn 1.5 O 4 [23, 22] structure as compared to the Mn spinel which exhibits significant internal structural frustration due to competing charge, Jahn-Teller and magnetic orderings [39, 40] . The equilibrium crystal shape is obtained by minimizing the total surface energy through the Wulff construction. The surface energy data in table 1 is used and the resulting equilibrium crystal shapes for both the reconstructed ordered as well as the uniformly disordered structures are illustrated in figure 2.
As the (111) surface exhibits the lowest energy in both cases, the (111) facet dominates the particle morphology, followed by the (100) and (110) facets resulting in cubo-octahedral shapes in agreement with experimental observations [1, 3, 20] . The surface reconstruction in the ordered compound leads us to an interesting hypothesis of the nano-scaling effects on the properties of LMNO, particularly related to its phase behavior during Li insertion/deinsertion. As the ordered surface region reconstructs, the cation arrangement of surface region deviates from the ideal ordered structure. According to our previous study, the Li insertion/extraction in the ordered structure is governed by an extensive two-phase reaction between coexistent Ni 0.5 Mn 1.5 O 4 and LiNi 0.5 Mn 1.5 O 4 phases. However, any deviation from the ideal ordered structure enhances accessibility to the solid solution region [22] . It is generally accepted that solid solution behavior during cycling is preferred in order to promote rate capability as the energy barrier due to the nucleation and growth in the two-phase region is bypassed and thus we expect that kinetic performance near the reconstructed surface region to be improved. Consequently, using nano-scaling to increase the surface to bulk ratio should correlate with a kinetically improved region for the ordered structure as compared to larger particles. On the other hand, the uniformly disordered structure exhibits no significant (111) surface reconstruction and already shows predominantly solid solution behavior, especially at high Li content [22] . Hence, we expect a stronger correlation between nano-scaling, improved accessibility to the solid solution region and improved rate performance for the ordered LMNO material as compared to the disordered (Fd3m) material.
Conclusion
In summary, we calculated the surface energy as a function of facet and surface termination in the cation-ordered and disordered high-voltage Ni-Mn spinel (LiNi 0.5 Mn 1.5 O 4 ). Employing a local uniform cation distribution as a proxy for the disordered (Fd3m) material, we found the (111) surface to be the dominant facet. However, for the ordered material, the (111) surface only stabilizes with respect to the other low index (100) and (110) surface facets by undergoing a target local cation inversion reconstruction where surface Mn/Ni ions are exchanged with bulk Li ions in the next available layer. Thus, our calculations predict that the (111) facet is the most stable surface facet (followed by the (100) and the (110) facets) for both the ordered as well as the disordered LMNO materials, resulting in an equilibrium cubo-octahedral particle morphology, in agreement with experimental observations. The surface reconstruction in the ordered material results in a deviation from the ideal ordered cation arrangement, which will (according to previous studies) result in an enhanced accessibility to the Li-vacancy solid solution region. However, the uniformly disordered structure exhibits no significant (111) surface reconstruction and already shows predominant solid solution behavior, especially at high Li content. Thus, based on our findings, we propose that increasing the surface to bulk ratio through nano-scaling is likely to correlate favorably with improved properties, e.g. rate capability, for the ordered structure but less so for the disordered material.
